Neuronal oscillations in the gamma (g) frequency range (30-50 Hz) have been associated with cognition. Working memory (WM), a cognitive task involving the on-line maintenance and manipulation of information, elicits increases in g oscillations with greater cognitive demand, particularly in the dorsolateral prefrontal cortex (DLPFC). The generation and modulation of g oscillations have been attributed to inhibitory interneuron networks that use g -aminobutyric acid (GABA) as their principal neurotransmitter. Repetitive transcranial magnetic stimulation (rTMS) represents a non-invasive method to stimulate the cortex that has been shown to modify cognition and GABA inhibitory mechanisms, particularly with higher frequencies (ie, 10-20 Hz). We measured the effect of high-frequency rTMS applied to the DLPFC on g-oscillations elicited during the N-back WM task in healthy individuals. Active rTMS significantly increased g-oscillations generated during the N-back conditions with the greatest cognitive demand. Further, no significant changes were found in other frequency ranges, suggesting that rTMS selectively modulates g-oscillations in the frontal brain regions. These findings provide important insights into the neurophysiological mechanisms that underlie higher-order cognitive processes, and suggest that rTMS may be used as a cognitive enhancing strategy in neuropsychiatric disorders that suffer from cognitive deficits.
INTRODUCTION
The importance of gamma (g) oscillatory activity in higher cognitive tasks is an area of great interest and has recently been shown as a key neurophysiological mechanism underlying working memory (WM). Commonly defined as the ability to maintain and manipulate information over short periods of time (Baddeley, 1986) , WM is often argued as the essence of all prefrontal functions because of its importance in everyday complex cognitive tasks, such as language comprehension, learning, and reasoning (Baddeley, 1992 (Baddeley, , 2000 . Moreover, the dorsolateral prefrontal cortex (DLPFC) is consistently reported to mediate WM processes, which are revealed through enhanced blood oxygen level-dependent (BOLD) activity in functional magnetic resonance imaging (fMRI) studies (Petrides, 2000; Owen, 1997) .
Several cognitive paradigms are used to index WM. For example, the N-back task requires participants to determine whether the current stimulus is the same stimulus that was presented 'N' trials back, thus allowing the evaluation of increasing cognitive demand (ie, WM load) on g-oscillatory activity. Further, a growing body of evidence has shown increased g-oscillatory activity with cognitive demand (Howard et al, 2003; Meltzer et al, 2008; Basar-Eroglu et al, 2007) . For example, Cho et al (2006) reported that g-oscillatory activity increased with the increased cognitive control in the frontal regions that was related to performance (Cho et al, 2006) , suggesting that g is modulated by cognitive demand, which may underlie WM performance. It has been proposed that g-aminobutyric acid (GABA) inhibitory interneurons in the DLPFC contribute to the generation and synchronization of pyramidal neurons necessary for optimal WM performance (Wang and Buzsaki, 1996; Traub et al, 2004) . For instance, Wilson et al (1994) reported fast-spiking GABAergic neuron activity in the DLPFC during the delay period of WM tasks, whereas the injection of GABA antagonist bicuculline disrupts WM performance in monkeys (Sawaguchi et al, 1989) .
Repetitive transcranial magnetic stimulation (rTMS) delivers repeated magnetic pulses to the cortex to induce plasticity-like changes in cortical function and behavior. For example, high-frequency rTMS has been shown to improve language functions in healthy individuals (Sparing et al, 2001) , as well as to improve different aspects of memory in major depressive disorder patients (Little et al, 2000; Martis et al, 2003; O'Connor et al, 2005) . In addition, rTMS on the motor cortex has been shown to enhance GABA-mediated inhibitory neurotransmission in healthy individualsFthat is, Daskalakis et al (2006) reported a lengthening of the cortical silent period (CSP), a measure reflective of GABA Bmediated inhibitory neurotransmission (Ziemann et al, 1996) with increased stimulation frequency, which was maximal at 20 Hz (Daskalakis et al, 2006) . High-frequency (ie, 20 Hz) rTMS thus represents a possible mechanism through which to potentiate g-oscillatory activity, which may, in turn, improve WM performance.
This study, therefore, aimed to evaluate the effect of 20 Hz rTMS applied to the right and left DLPFC on g-oscillatory activity elicited during the N-back task in healthy individuals. We hypothesized that active rTMS would enhance g-oscillatory activity with increased WM load with no effect on the oscillatory activity in other frequency ranges (ie, d, y, a, and b).
MATERIALS AND METHODS

Participants
A total of 22 right-handed healthy volunteers participated in this study (mean age ¼ 34.2 years, SD ¼ 7.16 years, range ¼ 24-49 years; 11 men and 11 woman). Handedness was confirmed using the Oldfield Handedness Inventory (Oldfield, 1971) . All participants gave their written informed consent and the protocol was approved by the Centre for Addiction and Mental Health in accordance with the Declaration of Helsinki. Exclusion criteria included a selfreported comorbid medical illness or a history of drug or alcohol abuse. Moreover, psychopathology was ruled out through the personality assessment screener (PAS; Psychological Assessment Resources).
Procedure
Before the experiment, participants were randomized into two groups allocated to receive either active or sham rTMS. Participants were blinded to their group assignment until the completion of the study to avoid individual biases. The experiment took place over 2 testing days. On the first day, participants performed the N-back test while their EEG activity was being recorded. One week later, rTMS was administered over the DLPFC before the final testing in the N-back task. The final N-back task was performed B20 min after rTMS administration to allow for cortical plasticity changes to take place as well as for the placement of the EEG cap. These two N-back testing sessions will hereafter be referred to as 'pre' and 'post' measures relative to rTMS administration.
N-Back Task
Participants performed the N-back task while their EEG activity was being recorded (STIM2, Neuroscan) before (pre) and after (post) a single session of rTMS to the DLPFC. During this task, stimuli were presented on a computer monitor one at a time to the participants who were required to push one button (target) if the present stimulus was identical to the stimulus presented 'N' trials back; otherwise, the participants pushed a different button (non-target). Thus, the effect of increasing the cognitive demand on g-oscillatory activity was tested by varying the 'N' of the task in the 0-, 1-, 2-, and 3-back conditions ( Figure 1a) . It is noted that in the 0-back condition, participants were required to push the non-target button every time a stimulus was presented, and thus did not have a memory component. Stimuli consisted of black capital letters presented for 250 ms followed by a delay period of 3000 ms during which the participant was required to respond before the presentation of a plus sign for 1305 ms indicating the end of this trial (Figure 1b ). In the 0-, 1-, and 2-back condition, stimuli were presented continuously for 15 min, whereas in the 3-back condition stimuli were presented for 30 min. The 3-back condition was administered for double the length of the other conditions (30 min rather than 15 min) to ensure that the frequency of target letters in this condition was comparable with those presented in the 1-and 2-back conditions, as these target letters occurred less frequently (ie, at least 3 letters back). Thus, the proportion of target letters in each of the conditions was 23.1, 15.8, and 14.8% in the 1-, 2-, and 3-back conditions, respectively. Consequently, this also ensured that a satisfactory number of correct responses were contained in all of the conditions for the data analysis ( Table 1 ). The total time for participants to complete the N-back task was 1 h and 15 min with the presentation of the conditions randomized and counterbalanced to prevent order effects.
Repetitive TMS
Repetitive TMS was administered using a Medtronic MagPro stimulator (Medtronic) with a 70-mm diameter figure-of-8 coil to the right and left DLPFC at 20 Hz, The timing of one trial from the presentation of a one letter separated by a ( + ) sign followed by a subsequent letter for a total time of 3000 ms. Participants were required to push one button (target) if the present letter was identical to the letter presented 'N' trials back; otherwise, the participants pushed a different button (non-target).
90% resting motor threshold for 25 trains comprising 30 pulses per train, inter-train interval of 30 s for a total of 750 pulses per hemisphere and in accordance with published safety guidelines (Chen et al, 1997) . The time of the rTMS delivery was 25 min, 12.5 min per hemisphere. The resting motor threshold was defined as the lowest intensity that produced a motor-evoked potential of at least 50 mV in 50% of the trials delivered. Sham stimulation was delivered with the same rTMS parameters as active stimulation with the coil held in a single wing-tilt position at 901 to induce similar somatic sensations as in the active stimulation with minimal direct brain effects. The order of stimulation (right, then left vs left, then right) was also randomized and counterbalanced to prevent order effects.
DLPFC Site Localization
The localization of the DLPFC was determined through neuronavigational techniques using the MINIBIRD system (Ascension Technologies) combined with MRIcro/reg software using a T1-weighted MRI scan obtained for each participant with seven fiducial markers in place. Repetitive TMS was targeted at the junction of the middle and anterior one-third of the middle frontal gyrus (Talairach coordinates (x, y, z) ¼ À50, 30, 36), corresponding with the posterior regions of the Brodmann area 9 (BA9), and overlapping with the superior region of BA46 ( Figure 2 ). The selection of this site was based on a recent meta-analysis of functional imaging studies that examined WM and the activation of the DLPFC (Cannon et al, 2005; Mendrek et al, 2005; Tan et al, 2005) .
EEG Measurement of Evoked c-Oscillatory Activity
Evoked oscillatory responses are phase locked to the stimulus onset with a fixed latency within the first 100 ms after stimulus onset and, therefore, can be measured by stimulus-triggered averaging of responses (Tallon-Baudry et al, 1999) . In contrast, induced oscillatory activity is not phase locked to stimulus onset and appears as a jitter in latency that varies from trial to trial; thus, these responses are canceled out when trials are averaged (Tallon-Baudry et al, 1999) . Both evoked and induced g-activities have been associated with sensory and cognitive processing (Lutzenberger et al, 1995; Muller et al, 1996; Cho et al, 2006) . Moreover, induced g-oscillatory activity has been shown to increase with increased cognitive control (Cho et al, 2006) , whereas other studies have shown that evoked g-oscillatory activity increases with cognitive demand in WM paradigms (Howard et al, 2003; Basar-Eroglu et al, 2007; Meltzer et al, 2008) . As such, we measured the mean evoked g-power from frontal electrodes while the participants completed the N-back task before (pre) and after (post) rTMS was administered over the right and left DLPFC.
EEG Recording
EEG data were acquired using a 64-electrode cap and Synamps2 DC-coupled EEG system (Compumedics). Four electrodes placed on the outer side of each eye, above, and below the left eye were used to monitor the eye movement artifact. Data were recorded at a rate of 1000 Hz DC and with a 0.3-200 Hz band pass hardware filter. Electrode impedances were lowered to o5 kO. All channels were referenced to an electrode placed posterior to the Cz electrode.
Offline EEG Processing
To measure the mean evoked g-power, data were filtered off-line using a 1-100 Hz band pass zero-phase-shift filter (slope, 24 dB/oct). Epochs were defined as À1000 to + 3095 ms relative to the cue onset and were baseline corrected with respect to the prestimulus interval (À1000 to cue onset). To measure the evoked g-power, we selected the entire delay period of 3000 ms relative to the stimulus because the N-back task requires the continuous maintenance of 'N' letters in preparation for the next trial as the task runs sequentially for B15-30 min depending on the task condition. All trials were manually inspected and any error trials or epochs containing artifact (movement or electrooculogram exceeding ±50 mV) were excluded from further analysis.
Data Analysis
Artifact-free EEG data were imported into MATLAB (The MathWorks, Natick, MA) using the EEGLAB toolbox (Delorme and Makeig, 2004 ) for subsequent analysis. Evoked Figure 2 Targeting the dorsolateral prefrontal cortex to index cortical inhibition. Transverse view from a single participant with exposed cortex and overlap of Brodmann areas 9 and 46, highlighted (white) on a T1-weighted 3D MRI. Using MRI-to-MiniBird co-registration, the center of the TMS coil was held over this region.
The effect of rTMS on gamma activity in working memory MS Barr et al g-power in the 30-50 Hz range was averaged over the delay period (0-3000 ms from cue onset) for the target correct (TC) and non-target correct (NTC) responses for each WM load pre-and post rTMS for each participant. The mean evoked gpower was then assessed during these responses (TC + NTC) in the frontal electrodes (AF3, AF4, F5, F3, F1, FZ, F2, F4, and F6), and averaged for each individual. As the spectral analysis of EEG activity is often not normally distributed (Bender et al, 1992) , the data were log-transformed before analysis.
Full-factorial mixed model repeated measures (MMRM) analysis was performed with rTMS (active vs sham) as a between-subject factor with time (pre vs post) and WM load (0-vs 1-vs 2-vs 3-back) as within-subject factors on the data with a significance level set at po0.05. Bonferroni-adjusted pairwise comparisons were then performed (SAS System v.9.1.3; SAS Institute, Cary, NC, USA).
RESULTS Evoked c-Power
As expected, the MMRM analysis revealed an effect of WM load on mean evoked g-power (F (3,60) ¼ 18.59, po0.0001), with participants generating the greatest g-power during the 2-back condition compared with the 0-(po0.0001), 1-(p ¼ 0.0416), and 3-back (p ¼ 0.0004) conditions, respectively ( Figure 3a) . Furthermore, the effect of time on g-power was also found to be significant (F (1,20) ¼ 29.49, po0.0001) with greater g-power elicited during the N-back after rTMS stimulation (post) compared with baseline (pre). Finally, the effect of rTMS on g-power was also significant (F (1,20) ¼ 9.26, p ¼ 0.0064), with participants in the active group generating higher g-power during the N-back task compared with those who received sham stimulation. The MMRM analysis on mean g-power also revealed significant interaction effects (Figure 3a) . In particular, an interaction was found between time and rTMS (F (1, 20) ¼ 12.43, p ¼ 0.0021) with active stimulation resulting in greater g-power compared with baseline (pre; po0.0001) and with sham rTMS (post; p ¼ 0.0028). There was also a significant time Â WM load Â rTMS interaction: (F (3,60) ¼ 3.79, p ¼ 0.0148). Importantly, although there was no difference in g-power during the N-back task at baseline (pre) between the active and sham groups, active rTMS resulted in a significant increase in g-power in the 2-(p ¼ 0.0032) and 3-back (p ¼ 0.0288) conditions compared with the sham group. Altogether, these findings suggest that active rTMS resulted in a significant potentiation in g-power that was greatest in the N-back conditions with the greatest WM load. Figure 4a shows the mean absolute change in gpower as topographical illustrations (represented by hot colors i.e., red ¼ maximal, blue ¼minimal values). Inspection of the topographical plots revealed a maximal change in g-power in the frontal brain regions compared with other cortical regions after active stimulation. As such, a repeated-measures ANOVA was performed comparing the mean sum change in g-power in five frontal electrodes (FPZ, FP1, FP2, AF3, and AF4) selected on the basis of hot-colored electrodes from the topographical plot with that in five electrodes from the posterior region (OZ, O1, O2, PO3, and PO4), with rTMS as a between-subject factor. A significant effect of the brain region was found (F (1,19) ¼ 14.938, po0.001; Figure 4b ) and the brain region Â rTMS interaction was also significant (F (1,19) ¼ 11.445, po0.005). Finally, paired t-tests revealed that this interaction was because of the difference between brain regions after active stimulation (t (10) ¼ 4.101, po0.005; Figure 4b ), whereas no difference between brain regions was found after sham stimulation (t (9) ¼ 0.619, p40.05; Figure 4b ; SPSS 15.0, SPSS Chicago, IL). These results further suggest that active rTMS resulted in a significant potentiation in g-power isolated to the frontal brain regions during N-back conditions with the greatest WM load.
EEG Spectral Analysis of other Frequency Bands
To test whether our findings of enhanced mean g-power after active rTMS elicited during the N-back task were selective to The effect of rTMS on gamma activity in working memory MS Barr et al this frequency band, four separate MMRM analyses (active vs sham; Figure 3b , c) as a between-subject factor and time (pre vs post), and WM load (0-vs 1-vs 2-vs 3-back) as withinsubject factors were performed on the log-transformed mean evoked d (1-3.5 Hz), y (4-8 Hz), a (9-12 Hz), and b (14-28 Hz) power for TC and NTC responses. An effect of WM load was revealed in all frequency bands; however, there were no differences between active and sham stimulation under any WM load. Finally, a time Â group interaction was also revealed in the y-and b-frequency bands, but again with no difference between active and sham frequency power at either baseline (pre) or after rTMS (post). These subsequent spectral analyses thus show that active stimulation selectively enhanced the oscillatory activity in the g-band only, whereas the activity in the other frequencies remained unchanged.
N-Back WM Performance
As expected, the MMRM analysis on WM performance revealed a significant effect of WM load (F (2,40) ¼ 78.63, po0.001) with performance decreasing with increasing cognitive demand. In particular, participants performed significantly better in the 1-back compared with the 2-(p ¼ 0.0005) and 3-back (po0.0001) conditions and better in the 2-back relative to the 3-back (po0.0001) condition, respectively (Table 2 ). However, the interaction between time and group was not significant, reflecting similar WM performance across groups (ie, active vs sham) pre-and post rTMS (F (1,20) ¼ 0.31, p ¼ 0.5859). Finally, no relationship was found between mean WM performance and mean g-power within any N-back condition determined through a Pearson's correlation coefficient. As expected, we found an effect of WM load on reaction time (F (3,60) ¼ 126.64, po0.0001; Table 3 ) with reaction time increasing with increasing WM load. Specifically, pairwise comparisons revealed significantly lower RT in the 0-back relative to the 1-3-back conditions (po0.0001 in each case), whereas reaction time was lower in the 1-back compared with the 2-(p ¼ 0.0001) and 3-back condition (po0.0001), respectively.
DISCUSSION
We measured the effect of 20 Hz rTMS applied to the DLPFC on g-oscillatory activity across WM load (ie, 0-, 1-, and 2-back conditions). As predicted, g-oscillatory activity generally increased with the increased WM load. Active rTMS Active ( ± ) 1SD 83.1 ( ± ) 11.6 74.1 ( ± ) 16.3 66.8 ( ± ) 11.5 83.5 ( ± ) 7.8 72.4 ( ± ) 13.3 64.1 ( ± ) 13.9
Data expressed as mean ( ± ) standard deviation (SD). significantly increased g-oscillatory activity compared with baseline (pre) and sham stimulation. Moreover, active rTMS caused the greatest change in g-oscillatory activity in the N-back conditions with the greatest cognitive demand, an effect that was limited to the frontal brain regions. Finally, active rTMS had no effect on other frequency ranges (ie, d, y, a, and b), suggesting a selective effect to oscillatory activity in the g-frequency range. Collectively, these results suggest that active rTMS applied bilaterally to the DLPFC significantly increased frontal g-oscillatory activity, which was most pronounced at N-back conditions of greatest difficulty.
The finding that g-oscillatory activity was most pronounced at N-back conditions of greatest difficulty is consistent with earlier studies examining the role of g-oscillatory activity and WM (Basar-Eroglu et al, 2007; Howard et al, 2003; Meltzer et al, 2008) . For example, Howard et al (2003) first showed a linear increase in g-oscillatory power with WM load in epileptic patients performing the Sternberg WM task (Howard et al, 2003) . Additional studies confirmed enhanced g-oscillatory activity with WM load using both the Sternberg (Meltzer et al, 2008) and N-back (Basar-Eroglu et al, 2007) tasks. In these studies, however, WM loads comparable with the 3-back condition were not examined. In this regard, we observed significantly lower g-oscillatory activity in the 3-back condition relative to the 2-back condition at baseline in both groups (po0.0004). This finding is consistent with decreased BOLD activity elicited while healthy individuals performed the 3-back condition in fMRI studies. It has been suggested that these decreases in BOLD activity may be because WM resources are exceeded during the 3-back condition, resulting in poorer cognitive performance because of diminished attentional resources (Cowan, 2001; Kane et al, 2001; Wheeler and Treisman, 2002) . Although speculative, the fact that active rTMS to the DLPFC resulted in an increase in g-oscillatory activity, with the greatest effect in the 3-back condition (post; Figure 3a) , suggests that rTMS, in part, may enhance attentional resources underlying such effects.
High-frequency rTMS has been shown to improve cognitive performance (Little et al, 2000; Sparing et al, 2001; Martis et al, 2003; O'Connor et al, 2005) , however, the underlying mechanisms have not been investigated. We contend that a possible explanation is through its effects on GABAergic inhibitory neurotransmission critical in both the generation and synchronization of oscillatory activity (Whittington et al, 1995; Wang and Buzsaki, 1996; Bartos et al, 2007) . GABAergic neurons in cortical networks interact with other neurons to affect spike timing and to coordinate rhythmic population activity (Mann and Paulsen, 2007) . GABAergic neurons have also been implicated in the synchronization of pyramidal neurons in the DLPFC during WM (Lewis et al, 2005) . For instance, Wilson et al (1994) showed that in monkeys, fast-spiking GABAergic neurons in the DLPFC remain active during the delay period of WM tasks (Wilson et al, 1994) . In addition, during WM tasks, the activity of these GABAergic neurons contribute to the spatial tuning of the neuronal response, and are thus considered to be related to the WM task itself (Rao et al, 2000) , whereas the injection of GABAergic antagonists in the DLPFC resulted in a disruption in WM performance (Sawaguchi et al, 1989) . Taken together with the finding that 20 Hz rTMS potentiates GABAergic inhibitory neurotransmission indexed through CSP (Daskalakis et al, 2006) , we contend that high-frequency rTMS exerts its effects on g-oscillatory activity through GABA receptor-mediated inhibitory neurotransmission to ultimately affect WM performance. Future studies combining paired-pulse TMS with EEG recording to index GABA receptor-mediated neurotransmission in the DLPFC (Daskalakis et al, 2008) will be needed, however, to determine whether g-oscillatory activity is indeed potentiated directly through enhanced GABA.
Earlier studies have also reported modulations in other frequency ranges during cognitive tasks. Although changes in oscillatory activity in the g-frequency band are most consistently observed, increases in the y-, a-, and b-frequency bands have also been associated with cognitive tasks (Gevins et al, 1997; Klimesch et al, 2001; Klimesch et al, 1997; Klimesch, 1999; Sarnthein et al, 1998; TallonBaudry et al, 1999; von Stein et al, 1999; Tesche and Karhu, 2000; Raghavachari et al, 2001; Jensen et al, 2002; Schack et al, 2002; Howard et al, 2003; Rizzuto et al, 2003; Gruber and Muller, 2005; Kaiser and Lutzenberger, 2005) . In line with these studies, we found an increase in d-, y-, a-, and b-activity with WM load. However, after rTMS applied to the DLPFC, modulations were only found within the g-frequency range, whereas d-, y-, a-, and b-activities remained unchanged. These findings indicate that d-, y-, a-, b-, and g-activities are modulated by cognitive demand, yet only g-activity was enhanced through rTMS on the DLPFCFa brain region that is closely associated with attention and WM performance.
To our knowledge, this is the first demonstration of enhanced g-oscillatory activity elicited during the N-back task after a single session of rTMS on the DLPFC. Although g-oscillatory activity was potentiated after rTMS, this effect was not related to WM performance. It may be possible that rTMS-induced cognitive changes are either delayed or optimal at some later time point and/or that repeated sessions (ie, days to weeks) of rTMS are needed for such effects to be fully realized. In this experiment, individuals were tested in the N-back task for a second time within 20 min after rTMS administration, which may have adequately captured the neurophysiological but not the anticipated cognitive changes. This contention is consistent with literature from rTMS treatment studies. For example, it has been suggested that repeated sessions of rTMS may be necessary to produce changes in gene expression and synapse formation that accompany changes in short-term plasticity and cognition (Khedr et al, 2006) . Further studies, therefore, are needed to determine whether the anticipated changes to WM performance, which may follow enhanced g-oscillatory activity, are either delayed or require multiple rTMS sessions to be fully realized.
Oscillations in the g-frequency range are typically estimated using two sub-classifications that differ in their phase relationship with respect to the stimulus onset. Evoked g-oscillatory activity is phase locked to the stimulus and occurs B200 ms relative to stimulus onset (TallonBaudry et al, 1999) . As evoked g-oscillatory activity is phase locked to the stimulus, these responses can be extracted in a time domain and averaged across trials (Pantev, 1995) .
In contrast, induced g-oscillatory activity is not phase locked to the stimulus, but rather jitters in latency from trial to trial and, thus, cannot be averaged across trials. Induced g-oscillatory activity is measured by applying the timefrequency decomposition to each trial and the ensuing power is averaged across trials. The power of evoked and background components are then subtracted from the total power to provide an estimate of induced g-oscillatory activity (David et al, 2006) . Although there are numerous reports that support a relationship between induced g-oscillatory activity and cognitive functions (Cho et al, 2006; Gray et al, 1989; Fries et al, 2001; Pesaran et al, 2002) , a recent study showed that measures of induced g-activity may not only reflect synchronous neuronal activity, but also the activation of miniature saccadic eye movements (YuvalGreenberg et al, 2008) . In their study, Yuval-Greenberg et al (2008) recorded eye movements simultaneously with EEG and found that induced g-activity was time locked to the onset and the rate of involuntary miniature saccades and thus reflects saccadic spike potentials rather than neuronal oscillations. These authors contend that measures of evoked g-activity may better mitigate such effects from miniature saccadic activity on this neurophysiological phenomenon (Yuval-Greenberg et al, 2008) . Considering that induced g-activity may reflect involuntary eye movements with emerging evidence supporting the association of evoked g-activity with WM (Howard et al, 2003; Meltzer et al, 2008; Basar-Eroglu et al, 2007) , we selected to measure the effect of rTMS on evoked g-activity.
The results of this study are limited by the relatively small sample size, which may be attributed to the lack of a relationship found between increased g-oscillatory activity and WM performance. Replication studies assessing the effect of rTMS on WM may consider using a larger sample size to further examine this relationship. However, the fact that rTMS enhanced g-oscillatory activity compared with sham, which was not observed within the other frequency ranges, suggests that the observed potentiation of g-oscillatory activity was not related to the small sample size. Nevertheless, such findings should be replicated in a larger sample to minimize type II error and stabilize statistical parameter estimates (Norman and Streiner, 2000) .
A second limitation to this study is the use of the N-back task to evaluate g-oscillatory activity underlying WM. Earlier studies that have examined the convergent validity between the N-back task and other WM measures, such as the operation span task (OSPAN), show correlations with lower WM loads (Shelton et al, 2007) and varied results with the 3-back condition (Shelton et al, 2007; Kane et al, 2007) . Such studies suggest that at higher WM loads, attentional components and/or short-term memory processes may be measured rather than WM capacity exclusively. Our finding of increased g-oscillatory activity after rTMS on the DLPFC may, therefore, reflect enhancements in attention and/or short-term memory processes rather than WM capacity exclusively. A third limitation to this study is the time delay between rTMS administration and the measurement of the N-back taskFthat is, participants were tested 20 min after rTMS, though not immediately afterward to allow for the placement of the EEG cap. It is possible, therefore, that both neurophysiological and perhaps behavioral changes may have been more optimally measured immediately after rTMS administration but missed because of this technical limitation. A final important limitation to this study is that we tested individuals at only a single time point (ie, within 20 min) after a single session of rTMS and, therefore, we were unable to examine the time course of these neurophysiological changes and indicate whether such changes persist, increase or decay over time, and/or whether such changes are even further enhanced and possibly translated into more persistent neurophysiological and possibly behavioral changes through repeated rTMS sessions. However, despite these limitations, our findings provide a neurophysiological framework through which to evaluate rTMS as a therapeutic tool in patient populations (eg, schizophrenia), in which WM deficits form part of the symptom profile.
In summary, we show that high-frequency rTMS on the DLPFC significantly enhanced frontal g-oscillatory elicited in N-back conditions with the greatest task difficulty. Furthermore, rTMS administered to the DLPFC selectively increased oscillatory activity in the g-frequency range, whereas other frequency ranges (ie, d, y, a, or b) remained unchanged. The specificity of high-frequency rTMS on g-oscillatory activity found in this study may, therefore, provide important insights into the pathophysiology of brain disorders that present cognitive deficits as part of their symptom profiles.
DISCLOSURE/CONFLICT OF INTEREST
